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Introduction
The influence of magnetic fields on human beings cannot be described as entirely beneficial or harmful. There is evidence for magnetic field related cancer susceptibility [1] yet at the same time magnetic fields have been used in medicine since ancient times and their effectiveness for both wound and bone fracture healing has been proven [2, 3] . These effects may be associated with the ability of magnetic fields to stimulate cell proliferation [4] . Magnetic fields induce changes in cell shape and cell surface [5] . The effect of exposure to magnetic fields of moderate intensity on apoptosis, apoptotic related gene products, and phagocytosis of apoptotic cells in primary cell cultures (transformed or stabilized cell lines) have been discussed by Dini et al. (2005) [6] .
To investigate the biological effects of magnetic fields we used the crustacean brine shrimp Artemia sp. inhabiting hypersaline waters. Different species of the genus Artemia are used in ecotoxicological experiments. Artemia is widely used in environmental studies, as the cysts of Artemia can survive in a dry state and in this form may be exposed to different environmental factors. In its dormant state the Artemia cyst is in the gastrula stage, having both an ectoderm and an endoderm. After 36 h incubation in marine water the cysts hatch and the emerged larvae (nauplia) may be studied by different methods [7] . The hatching of Artemia is stimulated by visible light of fluorescent light tube (1000 lux) [8] .
Artemia was used in investigations into the biological effect of certain factors of space flight. Experiments in the 1970's demonstrated the negative influence of a space flight on hatching and development of Artemia nauplia [9] . The biological object most sensitive to spaceflight conditions in the Biostack, the ©VersitaSp.zo.o.
biological module of Apollo 16, was Artemia salina egg [9] . Development of shrimp eggs that had been hit by heavy cosmic ionization was significantly different from the development of the control eggs, i.e. eggs flown in the Biostack but not hit by heavy ionizationand the ground controls (not flown in Biostack) [9] . From this study it has been concluded that the penetration of a single heavy ion may injure the encysted blastula. The damage to the blastula was found to influence gastrula formation and even the hatching process [9] . When eggs were tested 2-4 months after recovery from cosmic flight conditions there was no difference in the hatching rate of Artemia cysts located inside or outside the spacecraft. However, a marked decrease in hatching was observed in eggs 9 months after the space flight [10] . Survival of larvae and adults was normal in the eggs from inside the spacecraft, but decreased in the eggs that were outside [10] . In experiments completed on two different Space Shuttle missions (STS-50 and STS-54), it was found that larval morphology was not significantly different in flight and control ("ground") brine shrimp [11] . Although some of the "flight" larvae had defective eye development, the observation was not statistically significant. However, in three different experiments on two different flights, involving a total of 232 larvae, a highly significant difference between flight and control shrimp development was found [11] . After only 2.25 days after reactivation of development, space flight brine shrimp were a full instar ahead of a ground control brine shrimp in development [11] . Although developing more rapidly, flight shrimp grew as long as control shrimp at each developmental instar or stage [11] . In order to protect Artemia from negative action of space flight factors, Artemia cysts can be pretreated with a magnetic field. Dry cysts of Artemia salina pretreated with a 30-60 mT inhomogeneous constant magnetic field for 113 hours were carried by Chinese Satellite "8885" on its spaceflight for 8 days [12] . The treatment enhanced the resistance of the eggs to unfavorable space flight effects, such as retarding early development and decreasing the hatching ratio and promoted the ability of the eggs to recover from the affected state. The beneficial effect produced by treatment was found to be very durable, persisting in the development of the treated eggs beyond 318 days post treatment [12] .
The aim of the present investigation was to study the influence of constant and rotating magnetic field, ultra wideband electromagnetic pulses and microwaves on the hatching rate of Artemia eggs and the state of chromatin in Artemia nauplia cells. Some of the results have been presented at the Crimean Microwave Conference in 2008 [13] .
Experimental Procedures

Experimental objects
Members of the genus Artemia, small crustaceans of the order Anostraca (Branchiopoda), inhabiting highly saline inland waters throughout the world, are used as a food for fish and other small animals in aquariums and in industrial fish breeding. Experiments were conducted on the cysts of Artemia, which represent embryos stopped at the gastrula stage. Cysts of Artemia collected 3 years before use in the experiment were stored in darkness at room temperature in open air.
Cysts treatment
Artemia cysts were processed by magnetic field as follows: magnetic field in zone of object was B=25 mT, for an exposure time of 10 minutes. In order to generate a rotating magnetic field with high speed of rotation of vertical type we designed a piece of specialist equipment [12] . Rotating magnetic field of different directions (right-handed and lefthanded) was applied, with a northern pole (N) or southern pole (S) of magnet proximal to the sample of cysts (20 mg). The control sample of cysts was not exposed to magnetic field. We also exposed dry cysts to ultra wideband pulses [13] . The short pulse generator formed the sequence of pulses with amplitude of 25 V and pulse duration of 500 ps at half the pulse height. Pulses were emitted at series with iteration frequency 1 MHz. Wave form of the pulse signal was determined as Gaussian, (Eq. 1).
(Eq. 1) where T -pulse duration. The Gaussian form of pulse is the most commonly used in pulse electronics. The signal was the pulse train with a 1 MHz repetition frequency. Signal from the generator was transmitted to an irradiating antenna that was represented by the long uniform slot. Power measurement was made in the same place where the irradiated sample was positioned by the means of calibrated probes. The power of the signal was regulated by incorporation in the electronic scheme of calibrated wideband attenuators. The energy density on the surface of exposed object was 10 -6 , 10 -5 , 10 -4 , 10 -3 , and 10 -2 W/cm 2 , with an exposure time of 10 s. Microwave irradiation of the frequency f=36.64±0.05 GHz and a surface power density of 10 -5 and 10 -4 W/cm 2 at a sample surface was produced by experimental setup on the base of a Gunn diode [14] . Samples were exposed at room temperature. A sham-operated sample was sham-exposed at the same conditions. Three replicates were completed of each experiment.
Determination of Artemia cysts hatching
After a post irradiation period of 20 days, the cysts were incubated in marine water (salinity 35‰, temperature 25°C). After 48 h incubation we analyzed the percentage of hatching by the standard method, determining the number of larvae hatching from 100 cysts in three independent experiments. All experiments were conducted blind.
Determination of chromatin condensation state
The number of granules of heterochromatin was counted in preparations of nauplia fixed in a solution of alcohol: acetic acid (3:1 ratio), and stained with 2% orcein solution in 45% acetic acid [15] . Artemia nauplia have two types of cells: cells with large nuclei (6-8 µm) and cells with small nuclei (4 µm). The cells with small nuclei are diploid [16] . We analyzed cells with small nuclei in the first three layers near the anal end of the nauplius larvae ( Figure 1 ). Heterochromatin granules were counted at a magnification of x600. We analyzed 30 cells per nauplius larvae. In every variant of irradiation experiment 5 nauplia were analyzed so the overall number of analyzed nuclei in each variant of experiment was 450 (30 cells x 5 nauplia x 3 replicates). For each nauplius, we determined the mean number of granules (heterochromatin granules quantity, HGQ). Experimental results were analyzed by Student's t-test, the differences between the variants of each experiment were considered significant if P<0.05. These data were normally distributed as was proven by the Shapiro-Wilk test. and rotating magnetic field (25 mT), the northern pole of the magnet proximal to the sample. Each column represents mean data of an independent experiment, in which 100 cysts were analyzed ((N=100) ± standard error).
Figure 3.
Hatching of Artemia cysts treated by constant and rotating magnetic field (25 mT), the southern pole of the magnet proximal to the sample. Each column represents mean data of an independent experiment, in which 100 cysts were analyzed ((N=100) ± standard error).
Results and Discussion
The effect of a magnetic field on Artemia hatching percentage is presented in Figure 2, 3 and Table 1 . The magnetic field treatment induced a significant increase in hatching percentage in two cases: variant of left-hand rotating field and variant of constant magnetic field with N proximal to the sample of cysts. Significant difference Figure 4 . Hatching of Artemia from cysts exposed to microwave and ultra wideband electromagnetic field. Each point represents mean data of 3 independent experiments, in each experiment 100 cysts were analyzed ((N=3x100=300) ± standard error).
between the effect induced by right-handed and lefthanded rotating magnetic field was detected only if N pole of magnet was proximal to the sample ( Table 1) . The ultra wideband pulsed irradiation and microwave irradiation stimulated Artemia hatching ( Figure 4) . Microwave irradiation at a power density of 10 -5 W/cm 2 was more effective at increasing hatching than a power density of 10 -4 W/cm 2 , but no such effect is registered for ultra wideband irradiation. After ultra wideband irradiation, the effect of stimulation was detected at the minimal energy density of electromagnetic power (10 -6 W/cm 2 ) and a further increase of energy density produced almost no additional effect. It could be that hatching stimulation has a power threshold that is connected with molecular transformations at a small energy of irradiation.
The data of the effect of magnetic field on Artemia heterochromatin are presented in Figure 5 , 6 and Table 2 . All the tested variants of magnetic field induced a significant condensation of chromatin, but the biological activity of the various modifications of magnetic field was different. The magnetic field with right-handed rotation proved to be less effective if northern pole of magnet was proximal to the sample, but if the southern pole was proximal to the sample the right-handed rotating variant of magnetic field was more effective (Table 2, P<0.05). Microwave and ultra wideband fields induce chromatin condensation at all tested intensities, effect of irradiation increases with the power of irradiation (Figure 7) .
The effect of sample heating by rotating magnetic field can be disregarded. Dry Artemia cysts have an extremely low conductivity, therefore, we cannot precisely measure the conductivity by the devices currently available. However, by using the limits of resistance range (R>2 MOhm) of the device available Ohmmeter АМ-6011 (Aktakom, Russian Federation), we estimated that the increase of cyst temperature during exposure to alternating current magnetic fields is less than 10 -15o C. The effect of magnetic fields on the hatching rate is connected with the effect of non-thermal stress that may promote the activation of dormant Artemia blastula cysts. This hypothesis is supported by the results of the magnetic field-induced chromatin granule formation in Artemia nauplia. As shown in our previous experiments, the electromagnetic field induces the formation of heterochromatin in human cell nuclei [13] [14] [15] . We regard such an effect of chromatin condensation as a general cell reaction to stress, perhaps associated with stress granule formation [17] . The effect of chromatin condensation under stress conditions has been understood since the 1970's [18] . However, microwaveinduced chromatin condensation was not shown for the first time until 1998 [19] .
In the present study, the effects of a constant magnetic field on Artemia hatching percentage and chromatin structure have been shown. As it is known that, the effect of magnetic field not connected with energy adsorption, these effects are, therefore, of nonthermal nature.
In our opinion, there are two main explanations of the molecular basis of the cellular effects of magnetic fields. Since the work of Liboff et al. [20, 21] the most likely mechanism is believed to be based on cyclotron resonance, the effect of ions moving through the membrane channels [22] . However, some studies have criticized this mechanism [23, 24] . In the current study we have shown that the effect of the magnetic field on biological organisms may differ dependent on the direction of rotation, therefore, the mechanisms seems to be connected with molecular asymmetry of proteins in membrane channels. The second possible explanation is based on a charge migration in DNAprotein complexes involved in chromatin structure organization [25] . The interaction between histones and other chromatin regulatory proteins with DNA is specific, by defined amino acid residues. The DNA molecule is a right-handed helix that defines an order in orientation of chemical bonds and oscillating electric charges. This asymmetry may result in the differences in effect induced by differently rotated magnetic fields that we have recorded in this study.
In conclusion, the data obtained in this study demonstrate the effects of magnetic and electromagnetic fields on Artemia hatching rate and chromatin condensation. We have shown a difference in effect between right-handed and left-handed rotating magnetic fields that may be connected with molecular asymmetry. Table 2 . Heterochromatin granule quantity (HGQ) in Artemia nauplia developed from cysts treated by constant and rotating magnetic field (25 mT).
Mean data of 15 replicates ± standard error. N = northern pone proximal to sample and S = southern pole proximal to sample. P = probability value for difference from control, P < 0.05 is significant.
